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(54) Optical waveguide branch with reflector 

(57) An optical waveguide device having a folded 
waveguide structure on a semiconductor substrate (7). 
The optical waveguide device includes first (1) and sec- 
ond (2) single mode optical waveguides formed on a 
semiconductor substrate. The first and second optical 
waveguides merge together into a merging optical 
waveguide (8). A reflector (6) is positioned so that light 
travelling through the first optical waveguide into the 
merging optical waveguide is reflected by the reflector 
to travel through the second optical waveguide. The 
maximum complementary angle for total internal reflec- 
tion for the light traveling through the first optical 
waveguide is 8 C , and the branch angle 8 b of the first and 
second optical waveguides is less than or equal to 
0.559,.. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001 ] This application is based on, and claims priority 
to, Japanese application number 10-040113, filed on 
February 23, 1998, in Japan, and which is incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0002] The present invention relates to optical 
waveguides which merge together and have a branch 
angle within a specific range. 

2. Description of the Related Art 

[0003] Optical communication systems using fiber 
optical transmission lines are being used to transmit rel- 
atively large amounts of information. However, as users 
require larger amounts of information to be rapidly 
transmitted, and as more users are connected to the 
systems, a further increase in the transmission capacity 
of optical communication systems is required. 
[0004] Optical waveguides are being used for this pur- 
pose. For example, optical waveguides are being used 
in optical external modulators to increase modulation 
rate, and in optical wave filters for wavelength-multiplex 
communications, to thereby increase transmission 
capacity of optical communication systems. 
[0005] Optical waveguides are also used in various 
types of optical devices for taking measurements. 
[0006] For such uses of optical waveguides, it is desir- 
able to form optical waveguides in an integrated circuit 
(typically referred to as a "chip"). Unfortunately, conven- 
tional optical waveguides typically have required lengths 
which are so long that they prevent desired functions 
from being implemented within a single chip. For exam- 
ple, optical waveguides may have a required length as 
long as several centimeters. This makes it difficult to 
implement optical waveguides in a single chip, despite 
optical waveguide widths as narrow as several microm- 
eters to several tens of micrometers. 
[0007] In order to circumvent this problem, optical 
waveguides can be "folded" many times by using 
waveguide reflectors so as to implement a long length 
optical waveguide within the confines of a single chip. 
[0008] For example, FIG. 1 is a diagram illustrating a 
conventional optical waveguide having a folded 
waveguide structure and formed on a single chip as a 
Mach-Zehnder modulator. (This device can be found, 
for example, in Institute of Electronics, Information, and 
Communication Engineers, Electronics Society Confer- 
ence, C-151, 1995, which is incorporated herein by ref- 
erence). 

[0009] Referring now to FIG. 1 , waveguides 1 00 make 



a U turn at one end of the chip via a folded waveguide 
portion 101. A reflection-type wave plate 102 is pro- 
vided where light is reflected. Through a reflection, TE 
light changes to TM light, and TM light changes to TE 
5 light, thereby achieving a modulator which does not dis- 
criminate polarization. 

[001 0] In this example, the waveguides are folded in a 
geometrical manner (folding angle: 9 degrees). Such a 
configuration has problems in device performance. 

w Namely, when such a simple configuration is employed, 
a length of a waveguide where light beams meet is 
rather short. Even when a reflection surface is formed 
by cutting saw or the like, a displacement as small as 10 
urn may cause a serious deviation from the reflection 

is geometry, thereby creating a large loss. In this example, 
a loss amounting to 2 dB may be suffered. 
[001 1 ] When the folding angle is decreased so as to 
be as small as several degrees, reflected light returns 
back to a waveguide where the original light came 

20 through. This is presents many problems. 

[0012] In view of the above described problems, a 
configuration using folded waveguides has never been 
used in practice. 

[0013] FIG. 2 is a diagram illustrating a conventional 
25 wavelength-f ilter-insertion type device. (This device can 
be found in Institute of Electronics, Information, and 
Communication Engineers, Electronics Society Confer- 
ence, C-229, 1995, which is incorporated herein by ref- 
erence.) 

30 [0014] Referring now to FIG. 2, the device includes 
waveguides 110, a 1.55 urn port 112, a common port 
1 14, a dielectric multi-layer filter 1 1 6 and a quartz-family 
optical waveguide 118 formed on a Si substrate 120. 
Waveguides 110 are arranged according to reflection 

35 geometry, and have a large reflection angle (10° to 40°) 
to avoid reflected light going back to where it came from. 
As a result, a position where filter 116 is placed has a 
tolerance level in the order of micro-meters. Unfortu- 
nately, such a small tolerance in device manufacturing 

40 precision results in a low yield. 

[0015] Therefore, waveguide devices having folding 
configurations are known to exist. The problem is, how- 
ever, that a process for creating these devices with suf- 
ficient precision is not known. 

45 

SUMMARY OF THE INVENTION 

[001 6] Accordingly, it is an object of the present inven- 
tion to provide an optical waveguide device which has 

so folded waveguides having a small loss and a high toler- 
ance for precision, thereby enhancing performance that 
would otherwise be limited by the confines of a chip. 
[001 7] Additional objects and advantages of the inven- 
tion will be set forth in part in the description which fol- 

55 lows, and, in part, will be obvious from the description, 
or may be learned by practice of the invention. 
[0018] The foregoing objects of the present invention 
are achieved by providing an apparatus which includes 
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first and second single mode optical waveguides and a 
reflector. The first and second optical waveguides 
merge together into a merging optical waveguide. The 
reflector is positioned so that light travelling through the 
first optical waveguide into the merging optical 5 
waveguide is reflected by the reflector to travel through 
the second optical waveguide. A total reflection comple- 
mentary angle for the light traveling through the first 
optical waveguide is 9 C , and a branch angle 6 b of the 
first and second optical waveguides is less than or equal w 
to 0.556 c . The rust and second optical waveguides are 
formed on a substrate, and the total reflection comple- 
mentary angle © c is based on a difference in refractive 
indexes between the first and second optical 
waveguides and the substrate. 15 
[0019] Objects of the present invention are further 
achieved by providing an apparatus which includes first, 
second, third and fourth optical waveguides, and a 
reflector. The rust and second optical waveguides 
merge together into a merging optical waveguide. The 20 
reflector is positioned so that light travelling through the 
first optical waveguide into the merging optical 
waveguide is reflected by the reflector to travel through 
the second optical waveguide. A branch angle 6b of the 
first and second optical waveguides is less than or equal 25 
to 0.55e c , where e e is a total reflection complementary 
angle for the light traveling through the first optical 
waveguide. The third and fourth optical waveguides are 
on an opposite side of the reflector as the first and sec- 
ond optical waveguides. The reflector has transmission 30 
characteristics and is positioned so that light travelling 
through the third optical waveguide passes through the 
reflector and travels to one of the first and second opti- 
cal waveguides, and so that light travelling through the 
fourth optical waveguide passes through the reflector 35 
and travels to the other of the first and second optical 
waveguides. The reflector is formed by either an optical 
waveguide filter, a half-mirror or a polarization mirror. 
[0020] Objects of the present invention are also 
achieved by providing first and second optical to 
waveguides which merge together into a merging opti- 
cal waveguide, where the first and second optical 
waveguides and the merging optical waveguide are on a 
semiconductor substrate. A reflector is positioned so 
that light travels through the first optical waveguide into 45 
the merging optical waveguide, then through the merg- 
ing optical waveguide to the reflector, and is then 
reflected by the reflector to travel through the second 
optical waveguide. The reflector is positioned beyond an 
intersection point of a center line of the first optical so 
waveguide and a center line of the second optical 
waveguide. In addition, a branch angle 6 b of the first and 
second optical waveguides is less than or equal to 
0.559 c . 

[0021] Further, objects of the present invention are 55 
achieved by providing first and second optical 
waveguides which merge together into a merging opti- 
cal waveguide, where the first and second optical 



waveguides and the merging optical waveguide are 
formed on a semiconductor substrate. A reflector is 
positioned so that light travels through the first optical 
waveguide and into the merging optical waveguide, then 
through the merging optical waveguide to the reflector, 
and is then reflected by the reflector to travel through 
the second optical waveguide. The length of the merg- 
ing optical waveguide travelled by the light from the first 
optical waveguide to the reflector causes substantially 
all of the light travelling through the first optical 
waveguide and reflected by the reflector to travel to the 
second optical waveguide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] These and other objects and advantages of the 
invention will become apparent and more readily appre- 
ciated from the following description of the preferred 
embodiments, taken in conjunction with the accompa- 
nying drawings of which: 

FIG. 1 is a diagram illustrating a conventional opti- 
cal waveguide formed on a single chip as a Mach- 
Zehnder modulator. 

FIG. 2 is a diagram illustrating a conventional wave- 
length-filter-insertion type device. 
FIG. 3 is a drawing illustrating an optical waveguide 
device according to an embodiment of the present 
invention. 

FIG. 4 is a diagram illustrating the operation of the 

optical waveguide device in FIG. 3, according to an 

embodiment of the present invention. 

FIG. 5 is a diagram illustrating a principle of the 

optical waveguide device in FIG. 3, according to an 

embodiment of the present invention. 

FIG. 6 is a diagram illustrating displacement 

between optical waveguides in an optical 

waveguide device, according to embodiments of 

the present invention. 

FIG. 7 is a diagram illustrating characteristics for 
explaining a principle of an optical waveguide 
device, according to an embodiment of the present 
invention. 

FIGS. 8(A) and 8(B) are diagrams illustrating the 
operation of an optical waveguide device, according 
to an embodiment of the present invention. 
FIG. 9 is a diagram illustrating an optical waveguide 
device, according to an additional embodiment of 
the present invention. 

FIG. 10 is a diagram illustrating a reflection-type 
optical waveguide device based on the configura- 
tion of FIG. 9, according to an embodiment of the 
present invention. 

FIG. 11 is a diagram illustrating an optical 
waveguide device, according to an embodiment of 
the present invention. 

FIG. 12 is a diagram illustrating an optical 
waveguide device, according to an embodiment of 
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the present invention. 

FIG. 13 is a diagram illustrating a directional cou- 
pler, according to an embodiment of the present 
invention. 

FIG. 14 is a diagram illustrating characteristics of 
an optical waveguide device, according to an 
embodiment of the present invention. 
FIG. 15 is a diagram illustrating an optical 
waveguide device, according to a further embodi- 
ment of the present invention. 
FIG. 16 is a diagram illustrating a variation of the 
optical waveguide device in FIG. 15, according to 
an embodiment of the present invention. 
FIG. 17 is a diagram illustrating an optical 
waveguide device using a wave filter as a reflector, 
according to an embodiment of the present inven- 
tion. 

FIG. 18 is a diagram illustrating an optical 
waveguide device, according to an additional 
embodiment of the present invention. 
FIG. 19 is a diagram illustrating a plurality of optical 
devices on a single chip, according to an embodi- 
ment of the present invention. 
FIG. 20 is a diagram illustrating optical waveguide 
devices arranged on a single chip, according to a 
further embodiment of the present invention. 
FIGS. 21(A) and 21(B) are diagrams illustrating a 
plan view and a side view, respectively, of an exam- 
ple of folding waveguides, according to an embodi- 
ment of the present invention. 
FIGS. 22(A) and 22(B) are diagrams illustrating 
examination results for an optical wavelength 
device, according to an embodiment of the present 
invention. 

FIGS. 23(A) and 23(B) are diagrams illustrating a 
plan view and a side view, respectively, of an addi- 
tional example of folding waveguides, according to 
an embodiment of the present invention. 
FIG. 24 is a diagram illustrating examination results 
for an optical waveguide device, according to an 
embodiment of the present invention. 
FIGS. 25(A) and 25(B) are diagrams illustrating a 
plan view and a side view, respectively, of an exam- 
ple of folding waveguides, according to an embodi- 
ment of the present invention. 
FIG. 26 is a diagram of a tunable wave filter, 
according to an embodiment of the present inven- 
tion. 

FIG. 27 is a diagram illustrating a configuration in 
which a plurality of tunable wave filters of a TE/TM- 
mode-conversion type (AOTF) are arranged in a 
cascade connection, according to an embodiment 
of the present invention. 

FIG. 28 is a diagram illustrating a total reflection 
complementary angle, according to an embodiment 
of the present invention. 

FIG. 29 is a diagram illustrating a waveguide/sub- 
strate structure applicable to embodiments of the 



present invention. 

FIG. 30 is a diagram illustrating an additional 
waveguide/substrate structure applicable to 
embodiments of the present invention. 

5 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0023] Reference will now be made in detail to the 
10 present preferred embodiments of the present inven- 
tion, examples of which are illustrated in the accompa- 
nying drawings, wherein like reference numerals refer to 
like elements throughout. 

[0024] FIG. 3 is a diagram illustrating an optical 
15 waveguide device according to an embodiment of the 
present invention. Referring now to FIG. 3, single-mode 
optical waveguides 1 and 2 merge together into a merg- 
ing waveguide 8. Optical waveguides 1 and 2 and merg- 
ing waveguide 8 are formed on a substrate 7. A reflector 
20 6 which is, for example, metal reflection film, wave filter, 
or other reflecting material or device, is formed at an 
end surface of substrate 7. A branch angle 6b is 
between first and second optical waveguides 1 and 2. 
Incoming light 9 travels through optical waveguide 1 and 
25 is reflected by reflector 6. The reflected light travels 
through optical waveguide 2 to be output as outgoing 
light 10. 

[0025] FIG. 4 is a diagram illustrating the operation of 
the optical waveguide device in FIG. 3, according to an 

30 embodiment of the present invention. More specifically, 
FIG. 4 shows a symmetric configuration created by con- 
sidering the reflection surface of reflector 6 in FIG. 3 to 
be a surface of symmetry 19. Therefore, incoming light 
9 travelling through optical waveguide 1 and wholly 

35 directed to optical waveguide 2 in FIG. 3 is equivalent to 
the fact that light coming through optical waveguide 1 is 
wholly directed to an optical waveguide 4 in FIG. 4. 
[0026] Also, light that goes into an optical waveguide 
3 in FIG. 4 actually goes into optical waveguide 1 as 

40 reflected light. Emission loss in FIG. 3 is also equated to 
emission loss in FIG. 4. 

[0027] FIG. 5 is a diagram illustrating a principle of the 
optical waveguide device in FIG. 3, according to an 
embodiment of the present invention. Referring now to 

45 FIG. 5, when a branching angle 8 b is as large as several 
tens of degrees in a crossed-waveguide configuration 
having straight-line optical waveguides crossed with 
each other, incoming light travelling through optical 
waveguide 1 is mostly directed to optical waveguide 4 

so as outgoing light 10. Only a small portion of incoming 
light 9 is deviated into optical waveguide 3 as outgoing 
light 13. 

[0028] The following is a specific example. When opti- 
cal waveguides 1 through 4 have a width of 6 \im and 
55 the branch angle is 20°, an intersection portion 18 
where merging optical waveguides 1 and 2 share the 
interior space is as short as 35 urn. With this length of 
intersection portion 18, light traveling through optical 



4 



7 



EPO 938 000 A2 



8 



waveguides 1 and 2 experiences little diffraction, so that 
there is almost no light leaking into optical waveguide 3. 
This leaking light is equivalent to reflected light in FIG. 
3. 

[0029] When the folding configuration of FIG. 3 is cre- 
ated based on the configuration of FIG. 5, a positioning 
accuracy (e.g., 10 (im) for forming the end surface or 
placing reflector 6 (i.e., reflection film, wave filter, or the 
like) becomes twice as much (e.g., 20 urn) in the folding 
configuration. This error results in a displacement of 
optical waveguides 1 and 2. 

[0030] For example, FIG. 6 is a diagram illustrating the 
displacement of optical waveguides 1 and 2, due to 
errors in positioning accuracy for forming the end sur- 
face or placing reflector 6. As indicated in FIG. 6, this 
error results in a displacement of optical waveguides 1 
and 2 by, for example, 3.5 urn when a symmetric config- 
uration is used for illustration. 
[0031 ] If optical waveguides 1 and 3 are displaced by 
more than half the width as shown in FIG. 6, light 
traveling through optical waveguides 1 and 2 mostly 
ends up being wasted as emission loss (that is, light 
leaking through a displaced portion of the optical 
waveguides). 

[0032] In order to place reflector 6, optical waveguides 
1 and 2 need to be formed so as to have a width with a 
sufficient margin. In this case, the position of the reflec- 
tion surface will have an even greater effect on the mag- 
nitude of the resulting error. 

[0033] In the following, a case in which the branch 
angle 8 b between optical waveguides 1 and 2 and opti- 
cal waveguides 3 and 4 is as small as several degrees 
will be considered. 

[0034] When the optical waveguide width is 6 ^m and 
the branching angle e b is 2°, the length of the intersec- 
tion portion is, for example, 344 \im. In this case, a posi- 
tioning error of 1 0 (im leads to a displacement of optical 
waveguides 1 and 2 which is only 0.3 nm. As a result, a 
loss due to a waveguide displacement is rather small. 
However, since the intersection portion is so long as 
344 nm, light diffracts and spreads as passing through 
the intersection portion, resulting in a greater amount of 
light leaking from the waveguides. In some cases, more 
than 10% of the light intended to be directed optical 
waveguide 2 ends up returning back to optical 
waveguide 1 as reflected light. 
[0035] In optical communications, it is generally 
believed that no problem arises if the returning reflec- 
tion light is suppressed to be less than 0.03% (35dB) of 
the total. When other factors such as isolators are taken 
into consideration, the returning reflection light may only 
need to be less than 3% (15dB). In most cases, it would 
be unsatisfactory to have 10% of light coming back as 
returning reflection light. This is a significant reason why 
folded waveguides having a small branch angle or a 
long intersection portion have not been used in practice. 
[0036] Therefore, in optical waveguide devices com- 
prised of two optical waveguides formed on a substrate 



and merging together at a position where a reflector is 
situated, a trade off exists between the emission loss 
and the returning reflection light. 
[0037] FIG. 7 is a diagram illustrating characteristics 

5 for explaining a principle of an optical waveguide device, 
according to an embodiment of the present invention. 
More specifically, FIG. 7 shows how light in crossing 
optical waveguides travels into a straight-ahead optical 
waveguide (i.e., an optical waveguide situated along a 

10 straight extension of an optical waveguide through 
which light originally entered) when a length L of the 
intersection portion is changed as a parameter. 
[0038] As shown in FIG. 7, a ratio of the light straying 
into the branch to the total output exhibits periodic 

is changes. In what follows, the reason why this happens 
will be described. 

[0039] FIGS. 8(A) and 8(B) are diagrams illustrating 
the operation of an optical waveguide device, according 
to an embodiment of the present invention. Referring 
20 now to FIGS. 8(A) and 8(B), light entering optical 
waveguides 1 and 2 propagates as even-mode light 
(solid line) and odd-mode light (dotted line) of lower 
orders as optical waveguides 1 and 2 get closer to each 
other. 

25 [0040] Since the shape of the optical waveguides 
changes as the light propagates further, the form of the 
modes and the propagation parameters also change 
continuously with regard to the light. 
[0041] In general, even-mode light exchange power 

30 with other even-mode light, while odd-mode light 
exchange power with other odd-mode light. Generally, 
exchange of power does not occur between even-mode 
light and odd-mode light. 

[0042] Light propagates as changes as described 

35 above take place. If statuses of the two modes are as 
shown in FIG. 8(A) at intersection portion 18, light pro- 
ceeds to the straight-ahead optical waveguide 4. If the 
statuses of FIG. 8(B) are observed, light proceeds to the 
branch optical waveguide 3. 

40 [0043] Outcomes are different between these two 
cases because the intersection length L is different 
between FIGS. 8(A) and 8(B). Namely, the intersection 
length L of FIG. 8(A) corresponds to one of A, D, F, and 
H in FIG. 7, and the intersection length L of FIG. 8(B) 

45 corresponds to one of C, E, G, and I in FIG. 7. 

[0044] Further, statuses of FIGS. 8(A) and 8(B) corre- 
sponds to such statuses as having a phase displace- 
ment at times as much as tc between an odd mode and 
an even mode in crossing waveguides. 

so [0045] If a reflection surface is placed at a center of 
intersection portion 18, incoming light propagates into 
the output optical waveguide 2 in the case of FIG. 8(A), 
while the incoming light returns to the input optical 
waveguide 1 in the case of FIG. 8(B). 

55 [0046] In order to create proper folding waveguides, 
therefore, the condition of FIG. 8(A) should be satisfied. 
In the following, characteristics of the crossing angle 
and the intersection length will be described. 
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[0047] In the description of FIGS. 8(A) and 8(B), both 
the even mode and the odd mode are present at the 
center of the crossing optical waveguides. In practice, 
however, the input/output optical waveguides are single- 
mode waveguides, so that an odd mode does not exist 5 
at the center of the crossing optical waveguides since 
this portion has the same width as the input/output opti- 
cal waveguides. 

[0048] Nonexistence of a mathematical solution 
regarding this mode does not mean that light disap- 10 
pears. In such a condition, an emission mode status is 
observed, where power distribution, propagation 
parameters, and phase conditions are kept close to 
those of a waveguide mode. 

[0049] When the branch angle is large or the intersec- 15 
tion length is short, a waveguide width is enlarged 
before the emission mode spreads and changes its 
shape. Because of this, when the odd mode becomes 
excitable, the emission mode is again coupled with the 
odd mode, and goes on propagating. In this case, what 20 
is transformed during the emission mode is accounted 
for as losses. 

[0050] In the case where the branch angle is small or 
the intersection length is long, the odd mode remains as 
the emission mode for a relatively long distance, during 25 
which the emission mode exhibits a significant change. 
Because of this, when the odd mode becomes excitable 
as the width of the waveguide becomes wider, the odd 
mode excited therein would have power distribution, 
propagation parameters, and phase conditions signifi- 30 
cantly different from those of the emission mode. The 
emission mode thus cannot couple with the odd mode, 
thereby creating a huge loss. 
[0051] As a measure to counter this, a waveguide 
width of the crossing waveguides may be made wider 35 
than the original width. 

[0052] In general, a waveguide width may be 
designed to be wider at any position within the intersec- 
tion portion than the width of the input/output optical 
waveguides. This generally suffices to serve the above <*o 
purpose. 

[0053] It should be noted, however, that too wide a 
width may lead to excitation of higher modes, or may 
cause the emission mode to stay inside the optical 
waveguides longer than expected. This results in a deg- 45 
radation of a light-elimination ratio (i.e., an increase in 
the returning reflection light in the folding optical 
waveguides). 

[0054] When the branch angle is large, an angle of a 
wavefront is also a problem. so 
[0055] Namely, the power distribution of FIGS. 8(A) 
and 8(B) may be attained, but the light proceeding to the 
branch optical waveguide has a wavefront which is at an 
angle with the branch optical waveguide, thereby creat- 
ing a loss. 55 
[0056] In the present invention, however, only the 
straight-ahead optical waveguide is used among the 
folding optical waveguides, so that the problem of the 



wavefront angle can be ignored. 
[0057] In the description provided above, crossing 
waveguides represented as almost completely straight 
lines crossing each other were used for explanation. In 
principle, however, waveguides do not have to be in 
such a configuration. 

[0058] For example, FIG. 9 is a diagram illustrating an 
optical waveguide device, according to an additional 
embodiment of the present invention. Referring now to 
FIG. 9, with this configuration, it is possible to couple 
incoming light with each of odd and even modes in a 
merging optical waveguide 8 with a little loss and with- 
out creating higher modes of light. This is achievable 
when the input/output optical waveguides 1 through 4 
are formed so as to provide a sufficiently small branch 
angle (less than 0.55e c , as will be described later). 
[0059] In merging optical waveguide 8 satisfying the 
conditions of FIG. 8(A), a careful selection of a width, a 
length, a shape, and a refractive index for a reflector 
provided at the center of merging optical waveguide 8 
as shown in FIG. 3 allows an appropriate structure to be 
implemented independently of the branch angle such 
that this structure satisfies conditions for reducing the 
emission losses. Of course, the light going straight or 
going into the branch is affected at a portion close to the 
branch optical waveguide, and the above structure 
should be implemented by taking this effect into consid- 
eration. 

[0060] It was learned that when the refractive index of 
the optical waveguides in the configuration of FIG. 9 is 
0.2% relative to the substrate used for forming ordinary 
optical waveguides, an effect of suppressing generation 
of higher modes that cause losses begins to appear 
when the branch angle becomes less than 2°. 
[0061] Further, this value was shown to be affected 
greatly by a difference in refractive indexes between the 
optical waveguides (core portion) and the substrate 
(clad portion) after examination of various conditions 
regarding wavelengths and waveguide widths. 
[0062] As a result, it was learned that a total reflection 
complementary angle e c , which is determined by a 
refractive index of the waveguides, can be used for 
standardizing the branch angle %. 
[0063] As an example, a waveguide made of LiNbO 
with diffused Ti has a waveguide refractive index of 
2.144 and a substrate refractive index of 2.14. In this 
case, the total reflection complementary angle 6 C is: 

e c = 3.5° 

[0064] Using this angle, the condition that the branch 
angle % is 2° is represented as: 

2° 0.559 c 

[0065] Namely, the branch angle 0 b must satisfy: 

0 b <0.556 c (1) 
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in order to provide proper folding waveguides. 
[0066] Moreover, if more appropriate folding optical 
waveguides are desired, the branch angle 8 b may be set 
smaller than 1°. That is, 

6 b < 0.296 b (2) 

[0067] If the branch angle 6 b is too small, however, a 
long distance is necessary before the optical 
waveguides are sufficiently separated. Because of this, 
the branch angle e b is usually set within a range 
between 0.2° and 1°. That is, 

0.0579 c < 9 b < 0.299 c (3) 

[0068] It should be noted that the input/output optical 
waveguides do not have to be straight, but can be 
curved waveguides. In this case, a radius of the curve 
may be set to a large value, and a distance that is 
required before an interference between optical 
waveguides becomes sufficiently small may be meas- 
ured by using straight lines as approximation. Based on 
this, the waveguides may be designed such that the 
measured angle falls within the above-proscribed 
range. 

[0069] FIG. 10 is a diagram illustrating a reflection- 
type optical waveguide device based on the configura- 
tion of FIG. 9, according to an embodiment of the 
present invention. Referring now to FIG. 10, a reflection 
film 16 for reflecting incoming light is provided at a posi- 
tion different from a crossing point 30 where imaginary 
extensions of center lines 21 of optical waveguide 1 and 
optical waveguide 2 meet with each other, showing a 
contrast with a case of FIG. 1 or FIG. 3 where straight 
waveguides simply cross each other. 
[0070] FIGS. 1 1 and 12 are diagrams illustrating an 
optical waveguide device according to additional 
embodiments of the present invention. Referring now to 
FIGS. 11 and 12, a portion where folding optical 
waveguides start separating may be beveled or pro- 
vided with a rectangular projection so as to provide a 
sufficient width that can be reliably manufactured by a 
process of a predetermined precision. This improves a 
yield of products by reducing product variations. Also, a 
position and a width of the beveled face or the rectangu- 
lar projection may be adjusted so as to create higher 
modes of light, which interfere with each other in such a 
useful manner as to enhance performance of the folding 
waveguides. 

[0071] FIG. 13 is a diagram illustrating a directional 
coupler 27 as an extension of the configuration of FIG. 
12, according to an embodiment of the present inven- 
tion. In this configuration, characteristics will largely 
depend on a width of the gap between the waveguides. 
In practice, an optimum length changes when the width 
of the gap changes, even within an error margin of the 
process. This presents a serious problem. Because of 
this characteristic, the configuration of FIG. 13 is inher- 
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ently different from the configuration of FIG. 12. 
[0072] Referring again to FIG. 7, the conditions shown 
as A. D, F, and H correspond to the status of FIG. 8(A), 
and the conditions C, E, G, and I correspond to the sta- 

5 tus of FIG. 8(B). 

[0073] In FIG. 7, the condition A has a branch angle 
which is sufficiently large. In this condition, however, the 
intersection length L is too short as previously 
described, so that a slight error in forming the reflection 

io surface results in generation of losses. 

[0074] In order to avoid this problem, the intersection 
length L may be elongated so as to arrive at the condi- 
tion B. In this condition, however, returning reflection 
light as well as a loss is generated. 

is [0075] The conditions D, F, and H, which achieve a 
phase difference multiple of 2% between the even mode 
and the odd mode, satisfy the appropriate folding condi- 
tions, and also offer local maximums with respect to a 
variation of the intersection length. In these conditions, 

20 therefore, an error as to where the reflection-surface is 
positioned has little influence. 
[0076] As the intersection length is elongated from D 
to F, the branch angle of crossing waveguides becomes 
smaller. This reduces excessive coupling with higher 

25 modes, thereby serving to suppress losses and the 
returning reflection light. Wavelength dependency 
and/or polarization dependency may become more con- 
spicuous, however, because propagation parameters of 
light have wavelength dependency and polarization 

30 dependency. In this manner, too long an intersection 
length also gives rise to problems. 
[0077] Accordingly, when the folding waveguides are 
to be designed, factors as described above need to be 
taken into consideration in order to attain optimum con- 

35 ditions. 

[0078] Further, when optical waveguides to be used 
are of a birefringence type, propagation parameters are 
different between TE-mode light and TM-mode light. 
Because of this, a characteristic curve as shown in FIG. 

40 7 can be drawn differently between the TE-mode light 
and the TM-mode light. When such birefringence 
waveguides are used for making folding waveguides, 
the conditions D and F must be satisfied with respect to 
both the TE polarization and the TM polarization. 

45 [0079] When waveguides are formed in a straightfor- 
ward manner, it is difficult to match local maximums. 
However, a careful selection of a branch angle, a shape 
of the intersection portion (shape, width, squeezing of 
the intersection portion as shown in FIG. 1 1 and FIG. 

so 12). conditions of the waveguide manufacturing process 
(Ti thickness, diffusion temperature, time, atmosphere), 
etc., can be made with respect to the waveguides so as 
to match the local maximums as shown in FIG. 14. 
[0080] The above description has been given with 

55 respect to a reflector which is designed to reflect all light 
propagating through the waveguides. Different reflec- 
tors, however, can be used in the present invention. 
[0081] For example, FIG. 15 is a diagram illustrating 
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an optical waveguide device according to a further 
embodiment of the present invention. Referring now to 
FIG. 15, a half-mirror 11 is used as a reflector and 
reflects some of incoming light 9, thereby providing a 
coupler function. Namely, incoming light 9 entering opti- 5 
cal waveguide 1 is partly extracted as output light 22, 
and the remainder is directed to optical waveguide 2 as 
outgoing light 10. 

[0082] Also, light may be input from where output light 
22 is extracted so as to merge light beams. In this case, 10 
the light supplied from where output light 22 is extracted 
may proceed to both optical waveguides 1 and 2, which 
gives rise to a problem. 

[0083] FIG. 16 is a diagram illustrating a variation of 
the optical waveguide device in FIG. 1 5, according to an 75 
embodiment of the present invention. Referring now to 
FIG. 16, half-mirror 11 is positioned at the center of 
merging optical waveguide 8, so that part of incoming 
light 23 through optical waveguide 1 is directed to opti- 
cal waveguide 4 (but not to optical waveguide 3) as out- 20 
going light 26, and the remainder is directed to optical 
waveguide 2 (but not to optical waveguide 1) as outgo- 
ing light 24. 

[0084] When incoming light 25 enters optical 
waveguide 3 from the outside, the light is partly directed 25 
to optical waveguide 2, and is partly reflected to pro- 
ceed to optical waveguide 4. 

[0085] FIG. 17 is a diagram illustrating an optical 
waveguide device using a wave filter as a reflector, 
according to an embodiment of the present invention. 30 
Referring now to FIG. 17, a wave filter 12 allows light to 
pass therethrough as output light 22 only when the light 
has a wavelength corresponding to transparent charac- 
teristics of the filter, and the remainder of the light 
incoming through optical waveguide 1 is reflected and 35 
directed to optical waveguide 2 as outgoing light 24. 
[0086] FIG. 18 is a diagram illustrating an optical 
waveguide device according to an additional embodi- 
ment of the present invention. Referring now to FIG. 18, 
optical waveguides 3 and 4 and a portion of merging 40 
optical waveguide 8 are provided on the opposite side of 
wave filter 12 as optical waveguides 1 and 2. In this 
case, wave filter 12 allows light to pass therethrough 
and proceed to optical waveguide 4 only when the light 
has a wavelength corresponding to transparent charac- 45 
teristics of wave filter 12, and the remainder of the light 
incoming through the optical waveguide 1 is reflected 
and directed to optical waveguide 2. Further, light hav- 
ing a wavelength corresponding to the transparent char- 
acteristics of wave filter 1 2 may be input through optical so 
waveguide 3, so that the light passes through wave filter 
12 to proceed to optical waveguide 2. In this manner, 
this chip can provide a function of optical add/drop mul- 
tiplexer (ADM). 

[0087] In the optical waveguide device of FIG. 18, the 55 
position of wave filter 1 2 is generally not at the center of 
merging optical waveguide 8. This is because the fold- 
ing conditions for light of a particular wavelength to be 



reflected are different from the conditions of passing 
light (peaks are different with respect to the intersection 
length L in FIG. 14 depending on wavelengths). 
[0088] Further, use of a polarization separating reflec- 
tion film makes it possible to control polarized light in 
terms of coupling and separation. 
[0089] In this manner, various types of reflectors may 
be used in manufacturing various types devices, which 
are integrated, are compact, are suitable for mass pro- 
duction, incur only a small loss, have little returning 
light, and are capable of various functions. 
[0090] Also, use of the folding optical waveguides 
makes it possible to create devices making up a modu- 
lator or an optical circuit such that these devices are 
longer in effect than a chip length, thereby providing 
enhanced functions. 

[0091] The folding structure shown in FIG. 1 provides 
a Mach-Zehnder modulator which operates at a low 
power voltage and has no polarization dependency. 
This configuration, however, has a problem in that huge 
losses may be created when the reflector is actually 
implemented. The folding waveguides according to 
embodiments of the present invention can be applied to 
such a modulator, so that a device having a little loss 
and little returning light can be implemented at a high 
yield. 

[0092] It is often desirable to arrange and connect 
together different devices on a substrate. These devices 
have a very fine width. When they are arranged in par- 
allel, device integration with a higher density can be 
achieved. However, because of size constraints, it is dif- 
ficult to accomplish this on a single chip, and there has 
been no working product of this kind. 
[0093] Use of the folding waveguides of the present 
invention makes it possible to form such an integrated 
device on one chip. 

[0094] For example, FIG. 1 9 is a diagram illustrating a 
plurality of optical devices on a single chip, according to 
an embodiment of the present invention. Referring now 
to FIG. 19, optical devices 14, such as optical modula- 
tors, each have one input and one output, and are 
arranged in a suitable manner on a single chip, accord- 
ing to an embodiment of the present invention. A folding 
waveguide structure 33 is used in this embodiment. 
[0095] FIG. 20 is a diagram illustrating optical 
waveguide devices (e.g., optical switches, filters, etc.) 
arranged on a single chip, according to a further embod- 
iment of the present invention. Referring now to FIG. 20, 
optical devices 14, each having two inputs and two out- 
puts, are connected together via folding waveguide 
structures 33. 

[0096] In this manner, the present invention facilitates 
integration of device elements, so that a smaller device 
can be manufactured at a higher yield and at a lower 
cost while providing the advantage of low losses, com- 
pared to when device elements are manufactured indi- 
vidually. Also, there is another advantage in that the 
device elements implemented on the chip are homoge- 
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neous, i.e., similar in characteristics. 
[0097] When these device elements are driven based 
on electrical signals, it is easy to adjust phases, fre- 
quencies, and magnitude of these signals since the 
device elements are all implemented on the same chip. 5 
[0098] According to the above embodiments of the 
present invention, a reflector is used to reflect light from 
one optical waveguide to another optical waveguide. 
The reflector may have different shapes. For example, it 
may have a surface formed in perpendicular to the travel 
direction of light. Alternatively, for example, the surface 
may be generally perpendicular to the travel direction of 
light along the depth of the substrate while having an 
arc shape when viewed from the top of the substrate. In 
this case, a sufficient space can be provided between 
an end of the merging waveguide and the reflector. 
[0099] In detail, if a surface perpendicular to the travel 
direction of light along the depth of the substrate is an 
end surface of the optical waveguides, an optical reflec- 
tion film can be provided on this surface to form a reflec- 
tor. In this case, the optical reflection film may be 
implemented, for example, by using a dielectric multi- 
layer film or a metal film. Use of a metal film has a price 
advantage. When a metal film is used, silver, copper, or 
a copper alloy may be used to form the reflection film in 
order to achieve sufficiently high reflectivity. However, 
the reflector is not intended to be limited to any particu- 
lar shape, or any particular material. 
[01 00] The reflection portion of the reflector should be 
manufactured with an extremely high precision in terms 
of an angle thereof or the like. Because of this, the end 
surface of the waveguides on which the reflector is pro- 
vided is preferably formed at a different step from the 
step for forming the waveguide patterns. 
[0101] In general, the reflection portion would typically 
be formed by a cutting saw (i.e., slicer or dicing saw). 
[01 02] When a dry-etching process is used for forming 
the waveguide end surface, it is desirable to etch the 
substrate over an area wider than the width of the 
waveguides after waveguides are patterned and pro- 
duced. 

[01 03] The reflector may be made effectively by using 
a grating. Such a grating may be formed, for example, 
by changing the refractive index of the optical 
waveguides and a proximity thereof through heat diffu- 
sion, ion exchange, ion insertion, or ultraviolet-light illu- 
mination. 

[0104] When a grating is formed, the refractive index 
can be changed deep into the substrate, thereby mak- 
ing it possible to provide a reflector having no polariza- 
tion dependency. Other methods of forming a grating 
include partially etching the waveguides and changing 
the width of the waveguides. The same effect can be 
obtained by changing the refractive index of the clad. 
[0105] An optical waveguide device can be conven- 
tionally formed with a width of several tens of microme- 
ters. The length of the device, however, becomes as 
long as several centimeters. Use of the present inven- 
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tion allows various optical waveguide devices to be 
arranged in a folded manner, so that switches, modula- 
tors, filters, and the like are connected in tandem on one 
chip. This facilitates a density increase in a transverse 
direction of the waveguides, thereby miniaturizing a 
device while avoiding extension of the length of the chip. 
Also, a larger number of chips can be extracted from 
one wafer, resulting in a lower cost per chip. 
[01 06] If the folding structure of the present invention 
is not used, a plurality of chips need to be manufactured 
and connected together since there is a limit to a maxi- 
mum chip size. When a plurality of chips are connected 
in this manner, various penalties will be incurred, such 
as increases in losses, degradation in reliability, a size 
increase, a cost increase, etc. The present invention 
provides a measure to overcome these problems. 
[0107] FIGS. 21(A) and 21(B) are diagrams illustrating 
a plan view and a side view, respectively, of an example 
of folding waveguides, according to an embodiment of 
the present invention. Referring now to FIGS. 21 (A) and 
21(B), in this example, substrate 7 is made of Si, on 
which glass waveguides are formed through a CVD 
method. 

[01 08] In this example, a thickness of an under-buffer 
layer is 60 urn, and a thickness of an over-buffer layer is 
20 jim. Further, in this example, optical waveguides 1 
and 2 have a core with a 6.5-um width and a 6.5-^im 
thickness. A difference in the refractive index of the 
waveguides is varied by changing the doping amount of 
Ge and P. A guide plate 15 is fixed (typically by an adhe- 
sive) in order to help a cutting saw (i.e., slicer) to prop- 
erly cut an end surface 5, and optical waveguides 1 and 
2 crossing at a branch 6 b are cut at a center thereof. 
End surface 5 is then grounded to the extent necessary, 
and a metal film (made of, for example, Ag) is formed on 
end surface 5 via, for example, a vapor deposition 
method. 

[01 09] FIGS. 22(A) and 22(B) are diagrams illustrating 
optical waveguide characteristics of folding waveguides 
formed as described above when light having a wave- 
length of 1 .3 jun was used for examination purposes, 
according to an embodiment of the present invention. 
Referring now to FIGS. 22(A) and 22(B), solid lines indi- 
cate folding light, and dashed lines represent returning 
reflection light. 

[01 1 0] As can be seen from FIGS. 22(A) and 22(B), 
when the branch angle 0 b was 2°, a change in the 
refractive-index difference of the optical waveguides 
(normally 0.004) only resulted in an increase of the 
returning reflection light, and a folding waveguide path 
was not established. 

[01 1 1 ] On the other hand, when the branch angle 0b 
was 1°, a folding waveguide path was established when 
the refractive-index difference was 0.007. 
[01 1 2] FIGS. 23(A) and 23(B) are diagrams illustrating 
a plan view and a side view, respectively, of an addi- 
tional example of folding waveguides, according to an 
embodiment of the present invention. Referring now to 
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FIGS. 23(A) and 23(B), substrate 7 is made, for exam- 
ple, of LiNbO with an x-cut. As an example, metal Ti is 
applied via heat diffusion, so that optical waveguides 
with a 5.5-(im width and y propagation are formed. 
[0113] In this example, optical waveguides 1 and 2 
have a different refractive index with respect to each of 
TE polarization and TM polarization. That is, they are 
birefringence optical waveguides. 
[01 1 4] In this example, the branch angle 9 b of optical 
waveguides 1 and 2 is 0.85°, and the merging 
waveguide has a wider width than do the optical 
waveguides 1 and 2. An SiO buffer layer is formed on 
the surface for the purpose of preventing dirt, and a 
guide plate 15 for helping a cutting saw (i.e., slicer) to 
cut end surface 15 is adhesively fixed. The waveguides 
crossing at the branch angle 6 b are cut at a center 
thereof. End surface 5 is then grounded to the extent 
necessary, and a metal film (Ag) is formed on the end 
surface via a vapor deposition method. 
[0115] FIG. 24 is a diagram illustrating examination 
results obtained when light having a wavelength of 1 .55 
urn was used in the folding waveguides described 
above. Referring now to FIG. 24, the folding waveguide 
path was established with respect to both the TE polar- 
ization and the TM polarization when the intersection 
length Lis 1100 (im. 

[01 1 6] FIGS. 25(A) and 25(B) are diagrams illustrating 
a plan view and a side view, respectively, of a further 
example of folding waveguides, according to an embod- 
iment of the present invention. Referring now to FIGS. 
25(A) and 25(B), optical waveguides 1, 2,3 and 4 are 
glass waveguides formed on an Si substrate 7 in the 
same manner as described above. 
[01 17] Merging waveguide 8 is designed to direct light 
passing through wave filter 12 exclusively to one of the 
output optical waveguides. Wave filter 12 is situated at 
such a position as to establish a folding waveguide path 
for light reflected by the filter. 
[01 1 8] As an example, in order to form wave filter 1 2, 
a groove with a width of 25 (im and a depth of 100 is 
created by a cutting saw, and, a dielectric multi-layer 
film having a thickness of, for example, 20 urn is 
inserted and adhesively fixed therein. 
[0119] Light signals having respective wavelengths, 
i.e., 1.3 (im and 1.55 \im, are directed via optical 
waveguide 1, and only the light having the wavelength 
of 1 .3 fim is reflected by wave filter 12. Since a folding 
waveguide path is established for the reflected light, the 
light having the wavelength of 1 .3 nm is all directed to 
the output optical waveguide 2. 
[0120] On the other hand, the light having the wave- 
length of 1.55 urn passes through wave filter 12, and 
proceeds to optical waveguide 4. If a light signal with a 
1.55-nm wavelength enters optical waveguide 3, the 
light signal is directed to optical waveguide 2 to merge in 
the output light. 

[01 21 ] In this manner, a single chip can realize an opti- 
cal ADM circuit. 
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[01 22] FIG. 26 is a plan view of an example of a tuna- 
ble wave filter of a TE/TM-mode-conversion type 
(AOTF) using folding waveguides, according to an 
embodiment of the present invention. 

5 [01 23] Referring now to FIG. 26, a first AOTF 1 is con- 
nected to a second AOTF 2 via a folding waveguide 33. 
In this example, a metal film (Ti) is formed through heat 
diffusion on an LiNbO substrate having an x-cut, 
thereby creating optical waveguides. Optimization of a 

10 shape of the portion where two waveguides cross each 
other results in generation of PBS. 
[0124] A PBS 17 separates TE polarization from TM 
polarization. 

[0125] A surface acoustic wave (SAW) exited by an 
15 IDT 20 propagates through a SAW guide 35 of an 
attached thin film type. While propagating therethrough, 
light corresponding to a frequency of the SAW is only 
subjected to a TE/TM-mode conversion. 
[0126] At the subsequent PBS 17, polarized light 
20 beams are coupled, and only the light which has experi- 
enced the TE/TM-mode conversion is directed to a Drop 
side. 

[0127] Light which has not been subjected to the 
mode conversion by the SAW is directed to a folding 

25 waveguide structure 33, and is turned back by folding 
waveguide structure 33 without a TE/TM-polarizatjon 
dependency. Then, the light proceeds to the second 
AOTF. The second AOTF removes Drop light which was 
not completely removed by the first AOTF, and extracts 

30 Thru light only. 

[01 28] This cascade connection can enhance a light- 
elimination ratio with respect to the Drop light, and, also, 
has an advantage in that the half-value width of the filter 
is narrowed. When light having a wavelength corre- 

35 sponding to SAW is input from an Add port, this light is 
merged with the Thru light. 

[01 29] The design can be so configured as to almost 
eliminate a possibility that the light supplied to the Add 
port propagates improperly to merge with the input light 

40 (In) or the Drop light. 

[01 30] FIG. 27 is a diagram illustrating a configuration 
in which a larger number of tunable wave filters of a 
TE/TM-mode-conversion type (AOTF) are arranged in a 
cascade connection, according to an embodiment of the 

45 present invention. Referring now to FIG. 27, a three- 
step structure is provided for both the Drop light and the 
Thru light. This achieves an excellent half-value-filter- 
width characteristic as well as an excellent light-elimina- 
tion ratio. 

so [01 31 ] Such a structure as described above in which 
device elements are integrated in a cascade connection 
on one chip can suppress a product variation of each 
AOTF with regard to characteristics thereof. Also, such 
a structure allows high-frequency signals used for SAW 

55 to be supplied from a single power source, thereby 
avoiding phase displacements and/or frequency shifts 
between these signals. 

[01 32] Further, since a plurality of IDTs are connected 
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in this configuration, signals supplied to the IDTs formed 
on the substrate may be set to the same frequency. This 
can partially cancel a Doppler shift of an optical signal 
which is generated by the SAW. 
[0133] Namely, the Drop light passes through the s 
AOTFs three times. The effect to eliminate the Doppler 
shift is observed between light propagating in the same 
direction as the SAW and light propagating in a different 
direction. 

[0134] According to the embodiments of the present 10 
invention, folding waveguides are configured such that 
two single-mode input/output optical waveguides 
formed on a substrate are merged into a merging optical 
waveguide with a reflector being provided at an end 
thereof. A total reflection complementary angle based 15 
on a difference in refractive indexes between the 
waveguides and the substrate is 9 C , and a branch angle 
e b of the input/output optical waveguides is set to no 
larger than 0.559 c . Further, the folding waveguides are 
configured by selecting a width and a branch angle of 20 
the input/output optical waveguides as well as a shape 
of the merging optical waveguide such that light incom- 
ing through a first one of the input/output optical 
waveguides is reflected and selectively directed to a 
second one of the input/output optical waveguides with 25 
only a minimum amount of light returning to the first one 
of the input/output optical waveguides. This configura- 
tion requires far less rigid precision in forming a reflec- 
tion surface than a conventional reflection geometry. 
The present invention thus makes it possible to intra- 30 
duce folding of optical waveguides into a single chip 
while economic reasons prevented manufacturing of 
such a device in consideration of a large cost and a low 
yield. 

[01 35] The present invention further makes it possible 35 
to form an optical waveguide device as an integrated 
device whereas integration of the device was difficult 
because of its size extending several tens of millimeters 
in a longitudinal direction while extending only several 
tens of micrometers in a transverse direction. 40 
[0136] Also, device characteristics such as a power 
voltage, a half-value width of a filter, a light-elimination 
ratio, etc., are significantly enhanced because the 
design of a device is freed from the chip-size restric- 
tions. 45 
[0137] Moreover, optical circuits, which used to be 
connected via fibers or the like after the circuits were 
manufactured as individual components, can now be 
formed as a single composite. This not only offers an 
advantage in terms of miniaturizing, a cost reduction, 50 
and suitability for mass production, but also provides a 
reliable one-chip device at a low cost. 
[0138] An optical waveguide device, according to the 
embodiments of the present invention, can increase a 
device density in a direction transverse to the £5 
waveguides so as to allow a large number of waveguide 
devices to be integrated, and can provide reliable and 
sophisticated functions at a lower cost in a smaller 



device size. 

[0139] As described above, the present invention 
relates to the total reflection complementary angle 6 C for 
the light traveling through the an optical waveguide. 
[01 40] FIG. 28 is a diagram illustrating the total reflec- 
tion complementary angle 8 C . In FIG. 28, 0 tr represents 
the total reflection angle of light 200 travelling through a 
waveguide formed on a substrate. 9 C is 90° • 6 tp and is 
therefore referred to as the total reflection complemen- 
tary angle. Generally, the total reflection angle 6 tr is 
based on the difference in refractive indices of the sub- 
strate (n a ) and the refractive index of the waveguide 
(n g ). More specifically, e tr =sin" 1 (n 8 /n g ). Therefore, 
the total reflection complementary angle 6 C is based on 
a difference in refractive indexes between the optical 
waveguides and the substrate. The concepts of a total 
reflection angle, and a total reflection complementary 
angle, are known in the art. 

[0141] According to various embodiments of the 
present invention, as indicated above, a branch angle 0 b 
between optical waveguides which merge together is 
less than or equal to 0.556 c . Thus. 0.556 c represents an 
upper limit for the branch angle 6^ A preferable range is 
for the branch angle 8 b to be less than or equal to 0.36 c . 
A more preferable range is for the branch angle 6b to be 
in the range of 0.1 0 <, % <, 1 .5°. An even more preferable 
range is for the branch angle 6 b to be in the range of 
0.3° <, % <, 0.8°. Various other example values and 
ranges for the branch angle 6 b are described herein. 
[0142] Various examples of materials for waveguides 
and substrates are described herein. However, there 
are many different waveguide and substrate materials 
which are applicable to the present invention, and the 
present invention is not intended to be limited to any 
specific materials. 

[0143] For example, FIGS. 29 and 30 are diagrams 
illustrating various types of waveguide and substrate 
structures using different types of materials, according 
to embodiments of the present invention. 
[0144] More specifically, FIG. 29 is a diagram illustrat- 
ing a waveguide/substrate structure applicable to 
embodiments of the present invention. Referring now to 
FIG. 29, the structure includes an overclad 300, a core 
310, an underclad 320 and a substrate 330. Core 310 is 
formed, for example, of Si0 2 with dopants of P, Ti and 
Ge. Overclad 300 and underclad 320 are formed, for 
example, of Si0 2 . Substrate 330 is formed, for example, 
of Si. The structure in FIG. 29 is typically referred to as 
a glass type waveguide with silicon substrate. 
[01 45] A plastic type waveguide is also applicable to 
embodiments of the present invention. A plastic type 
waveguide has a structure which is similar to that in FIG. 

29, but different materials are used for the various lay- 
ers. 

[0146] FIG. 30 is a diagram illustrating an additional 
waveguide/substrate structure applicable to embodi- 
ments of the present invention. Referring now to FIG. 

30, the structure includes an overclad 400, a core 410, 
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and a substrate (underclad) 410. Overclad 400 is 
formed, for example, of Si0 2 . Core 410 includes, for 
example, a Ti dopant. Substrate (underclad) 410 is 
formed, for example, of LiNb0 3 . The structure in FIG. 30 
is typically referred to as a LiNb0 3 waveguide. 
[0147] FIGS. 29 and 30 are provided as examples of 
waveguide/substrate structures, and the present inven- 
tion is not intended to be limited to these structures. 
[0148] According to the above embodiments of the 
present invention, an apparatus includes first and sec- 
ond single mode optical waveguides and a reflector. 
The first and second optical waveguides merge together 
into a merging optical waveguide. The reflector is posi- 
tioned so that light travelling through the first optical 
waveguide into the merging optical waveguide is 
reflected by the reflector to travel through the second 
optical waveguide. A total reflection complementary 
angle for the light traveling through the first optical 
waveguide is 8 C , and a branch angle 6b °* tne *' rst ar, d 
second optical waveguides is less than or equal to 
0.55e c . 

[0149] In addition, as indicated above, the width, 
shape and refractive-index distribution of the merging 
optical waveguide, and an incident angle of the first and 
second optical waveguides relative to the merging opti- 
cal waveguide, can be constructed so that they together 
cause less than -15dB of the light reflected by the reflec- 
tor to be reflected back to the first optical waveguide. 
Moreover, as indicated above, when the first and sec- 
ond optical waveguides are birefringence type optical 
waveguides, the apparatus can be constructed so that 
less than -15dB of the light reflected by the reflector is 
reflected back to the first optical waveguide for both TE 
polarized light and TM polarized light. 
[0150] As indicated above, the apparatus can include 
third and fourth optical waveguides provided on an 
opposite side of the reflector as the first and second 
optical waveguides. The reflector is positioned and has 
transmission characteristics so that light travelling 
through the third optical waveguide passes through the 
reflector and travels to one of the first and second opti- 
cal waveguides and so that light travelling through the 
fourth optical waveguide passes through the reflector 
and travels to the other of the first and second optical 
waveguides. The reflector can be formed, for example, 
by either an optical waveguide filter, a half-mirror or a 
polarization mirror. 

[0151] Further, as indicated above, the width, shape 
and refractive-index distribution of the third and fourth 
optical waveguides, and a branching angle between the 
third and fourth optical waveguides, can be determined 
so that they together cause light travelling through the 
third optical waveguide to pass through the reflector and 
travel to one of the first and second optical waveguides 
and cause light travelling through the fourth optical 
waveguide to pass through the reflector and travel to the 
other of the first and second optical waveguides. 
[0152] According to the above embodiments of the 



present invention, an apparatus includes first and sec- 
ond optical waveguides which merge together into a 
merging optical waveguide, where the first and second 
optical waveguides and the merging optical waveguide 

5 are on a semiconductor substrate. A reflector is posi- 
tioned so that light travels through the first optical 
waveguide into the merging optical waveguide, then 
through the merging optical waveguide to the reflector, 
and is then reflected by the reflector to travel through 

to the second optical waveguide. The reflector is posi- 
tioned beyond an intersection point of a center line of 
the first optical waveguide and a center line of the sec- 
ond optical waveguide. 

[01 53] Further, according to the above embodiments 

15 of the present invention, an apparatus includes first and 
second optical waveguides which merge together into a 
merging optical waveguide, where the first and second 
optical waveguides and the merging optical waveguide 
are formed on a semiconductor substrate. A reflector is 

20 positioned so that light travels through the first optical 
waveguide and into the merging optical waveguide, then 
through the merging optical waveguide to the reflector, 
and is then reflected by the reflector to travel through 
the second optical waveguide. The length of the merg- 

25 ing optical waveguide travelled by the light from the first 
optical waveguide to the reflector causes substantially 
all of the light travelling through the first optical 
waveguide and reflected by the reflector to travel to the 
second optical waveguide. 

30 [01 54] Although a few preferred embodiments of the 
present invention have been shown and described, it 
would be appreciated by those skilled in the art that 
changes may be made in these embodiments without 
departing from the principles and spirit of the invention, 

35 the scope of which is defined in the claims and their 
equivalents. 

Claims 

40 1 . An apparatus comprising: 

first and second optical waveguides merging 
together into a merging optical waveguide; and 
a reflector positioned so that light travelling 

45 through the first optical waveguide into the 

merging optical waveguide is reflected by the 
reflector to travel through the second optical 
waveguide, wherein a total reflection comple- 
mentary angle for the light traveling through the 

so first optical waveguide is 9 C , and a branch angle 

0 b of the first and second optical waveguides is 
less than or equal to 0.556 c . 

2. An apparatus as in claim 1 , wherein the first and 
55 second optical waveguides, and the merging optical 

waveguide, are formed on a substrate. 

3. An apparatus as in claim 1 , wherein the reflector is 
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positioned at an end of the merging optical 
waveguide. 

4. An apparatus as in claim 2, wherein the first and 
second optical waveguides are single mode optical 
waveguides. 

5. An apparatus as in claim 2, wherein the total reflec- 
tion complementary angle 9 C is based on a differ- 
ence in refractive indexes between the first and 
second optical waveguides and the substrate. 

6. An apparatus as in claim 1, wherein less than - 
15dB of the light reflected by the reflector is 
reflected back to the first optical waveguide. 

7. An apparatus as in claim 1 , wherein a construction 
of the merging optical waveguide and an incident 
angle of the first and second optical waveguides rel- 
ative to the merging optical waveguide together 
cause less than -15dB of the light reflected by the 
reflector to be reflected back to the first optical 
waveguide. 

8. An apparatus as in claim 1, wherein the width, 
shape and refractive-index distribution of the merg- 
ing optical waveguide, and an incident angle of the 
first and second optical waveguides relative to the 
merging optical waveguide, together cause less 
than -15dB of the light reflected by the reflector to 
be reflected back to the first optical waveguide. 

9. An apparatus as in claim 2, wherein the width, 
shape and refractive-index distribution of the merg- 
ing optical waveguide, and an incident angle of the 
first and second optical waveguides relative to the 
merging optical waveguide, together cause less 
than -15dB of the light reflected by the reflector to 
be reflected back to the first optical waveguide. 

10. An apparatus as in claim 1, wherein the first and 
second optical waveguides are birefringence type 
optical waveguides, and less than -15dB of the light 
reflected by the reflector is reflected back to the first 
optical waveguide for both TE polarized light and 
TM polarized light. 

1 1 . An apparatus as in claim 1 , wherein 

the first and second optical waveguides are 
birefringence type optical waveguides, and 
the width, shape and refractive-index distribu- 
tion of the merging optical waveguide, and an 
incident angle of the first and second optical 
waveguides relative to the merging optical 
waveguide, together cause less than -15dB of 
the light reflected by the reflector to be 
reflected back to the first optical waveguide for 



both TE polarized light and TM polarized light. 

12. An apparatus as in claim 1, wherein the reflector 
allows light to pass partially therethrough. 

5 

1 3. An apparatus as in claim 12, wherein the reflector is 
formed by one of the group consisting of an optical 
waveguide filter, a half-mirror and a polarization 
mirror. 

10 

14. An apparatus as in claim 12, further comprising an 
optical waveguide which guides light passing 
through the reflector. 

15 15. An apparatus as in claim 12, further comprising: 

a third optical waveguide on an opposite side of 
the reflector as the first and second optical 
waveguides so that light travelling through the 
20 third optical waveguide passes through the 

reflector and travels to either the first or second 
optical waveguide. 

16. An apparatus as in claim 12, further comprising: 

25 

third and fourth optical waveguides on an oppo- 
site side of the reflector as the first and second 
optical waveguides so that light travelling 
through the third optical waveguide passes 

30 through the reflector and travels to one of the 

first and second optical waveguides and light 
travelling through the fourth optical waveguide 
passes through the reflector and travels to the 
other of the first and second optical 

35 waveguides. 

17. An apparatus as in claim 12, further comprising: 

third and fourth optical waveguides on an oppo- 
se site side of the reflector as the first and second 
optical waveguides, wherein the width, shape 
and refractive-index distribution of the third and 
fourth optical waveguides, and a branching 
angle between the third and fourth optical 
45 waveguides, together cause light travelling 
through the third optical waveguide to pass 
through the reflector and travel to one of the 
first and second optical waveguides and cause 
light travelling through the fourth optical 
so waveguide to pass through the reflector and 
travel to the other of the first and second optical 
waveguides. 

18. An apparatus as in claim 1 , wherein the apparatus 
55 is a folded optical waveguide structure provided as 

an optical waveguide in one of the group consisting 
of an optical switch, an optical modulator and an 
optical filter. 
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19. An apparatus as in claim 1, wherein the branch 
angle 8 b is less than or equal to 0.38 c . 

20. An apparatus as in claim 1, wherein the branch 
angle 9 b is in the range of 0.1° <. 6 b £ 1 .5°. 

21. An apparatus as in claim 1, wherein the branch 
angle 6 b is in the range of 0.3° £ % £ 0.8°. 

22. An apparatus as in claim 2, wherein the substrate is 
one of the group consisting of LiNb03 and Si. 

23. An apparatus as in claim 1 , wherein the reflector is 
positioned beyond an intersection point of a center 
line of the first optical waveguide and a center line 
of the second optical waveguide. 

24. An apparatus as in claim 1 , wherein the length of 
the merging optical waveguide travelled by the light 
from the first optical waveguide causes substan- 
tially all of the light travelling through the first optical 
waveguide and reflected by the reflector to travel to 
the second optical waveguide. 

25. An apparatus comprising: 

first and second optical waveguides merging 
together into a merging optical waveguide, the 
first and second optical waveguides and the 
merging optical waveguide being formed on a 
substrate; and 

a reflector positioned so that light travelling 
through the first optical waveguide and into the 
merging optical waveguide is reflected by the 
reflector to travel through the second optical 
waveguide, wherein a total reflection comple- 
mentary angle based on a difference in refrac- 
tive indexes between the first and second 
optical waveguides and the substrate is 6 C , and 
a branch angle 6 b of the first and second opti- 
cal waveguides is less than or equal to 0.556 c . 

26. An apparatus as in claim 25, wherein the reflector is 
positioned at an end of the merging optical 
waveguide. 

27. An apparatus as in claim 25, wherein the first and 
second optical waveguides are single mode optical 
waveguides. 

28. An apparatus as in claim 25, wherein less than - 
15dB of the light reflected by the reflector is 
reflected back to the first optical waveguide. 

29. An apparatus as in claim 25, wherein a construction 
of the merging optical waveguide and an incident 
angle of the first and second optical waveguides rel- 
ative to the merging optical waveguide together 



cause less than -15dB of the light reflected by the 
reflector to be reflected back to the first optical 
waveguide. 

s 30. An apparatus as in claim 25, wherein the first and 
second optical waveguides are birefringence type 
optical waveguides, and less than -15dB of the light 
reflected by the reflector is reflected back to the first 
optical waveguide for both TE polarized light and 

w TM polarized light. 

31. An apparatus as in claim 25, wherein 

the first and second optical waveguides are 
15 birefringence type optical waveguides, and 

the width, shape and refractive-index distribu- 
tion of the merging optical waveguide, and an 
incident angle of the first and second optical 
waveguides relative to the merging optical 
20 waveguide, together cause less than -15dB of 

the light reflected by the reflector to be 
reflected back to the first optical waveguide for 
both TE polarized light and TM polarized light. 

25 32. An apparatus as in claim 25, wherein the reflector 
allows light to pass partially therethrough. 

33. An apparatus as in claim 25, wherein the reflector is 
one of the group consisting of an optical waveguide 

30 filter, a half-mirror and a polarization mirror. 

34. An apparatus as in claim 32, further comprising: 

a third optical waveguide on an opposite side of 
35 the reflector as the first and second optical 

waveguides so that light travelling through the 
third optical waveguide passes through the 
reflector and travels to either the first or second 
optical waveguide. 

40 

35. An apparatus as in claim 32, further comprising: 

third and fourth optical waveguides on an oppo- 
site side of the reflector as the first and second 
45 optical waveguides so that light travelling 

through the third optical waveguide passes 
through the reflector and travels to one of the 
first and second optical waveguides and light 
travelling through the fourth optical waveguide 
so passes through the reflector and travels to the 

other of the first and second .optical 
waveguides. 

36. An apparatus as in claim 25, wherein the apparatus 
55 is a folded optical waveguide structure provided as 

an optical waveguide in one of the group consisting 
of an optical switch, an optical modulator and an 
optical filter. 
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37. An apparatus as in claim 25, wherein the branch 
angle 6 b is less than or equal to 0.36 c . 

38. An apparatus as in claim 25, wherein the branch 
angle e b is in the range of 0.1° <. 6 b <, 1.5°. s 

39. An apparatus as in claim 25, wherein the branch 
angle 6 b is in the range of 0.3° <> % <, 0.8°. 

40. An apparatus as in claim 25, wherein the substrate io 
is one of the group consisting of UNDO3 and Si. 

41 . An apparatus as in claim 25, wherein the reflector is 
positioned beyond an intersection point of a center 
line of the first optical waveguide and a center line 15 
of the second optical waveguide. 

42. An apparatus as in claim 25, wherein the length of 
the merging optical waveguide travelled by the light 
from the first optical waveguide causes substan- 20 
tially all of the light travelling through the first optical 
waveguide and reflected by the reflector to travel to 

the second optical waveguide. 

43. An apparatus comprising: 25 

first and second optical waveguides merging 
together into a merging optical waveguide; 
a reflector positioned so that light travelling 
through the first optical waveguide into the so 
merging optical waveguide is reflected by the 
reflector to travel through the second optical 
waveguide, a branch angle 8 b of the first and 
second optical waveguides being less than or 
equal to 0.556 c , where 6 C is a total reflection 35 
complementary angle for the light traveling 
through the first optical waveguide; and 
third and fourth optical waveguides on an oppo- 
site side of the reflector as the first and second 
optical waveguides, the reflector having trans- 40 
mission characteristics and positioned so that 
light travelling through the third optical 
waveguide passes through the reflector and 
travels to one of the first and second optical 
waveguides and light travelling through the 45 
fourth optical waveguide passes through the 
reflector and travels to the other of the first and 
second optical waveguides. 

44. An apparatus as in claim 43, wherein the reflector is so 
formed by one of the group consisting of an optical 
waveguide filter, a half-mirror and a polarization 
mirror. 

45. An apparatus as in claim 43, wherein the first, sec- ss 
ond, third and fourth optical waveguides, and the 
merging optical waveguide, are formed on a sub- 
strate. 



46. An apparatus as in claim 43, wherein the first and 
second optical waveguides are single mode optical 
waveguides. 

47. An apparatus as in claim 43, wherein the branch 
angle 6b is less than or equal to 0.36 c . 

48. An apparatus as in claim 43, wherein the branch 
angle 6 b is in the range of 0.1° <, % ^ 1.5°. 

49. An apparatus as in claim 43, wherein the branch 
angle % is in the range of 0.3° <, % z 0.8°. 

50. An apparatus as in claim 45, wherein the substrate 
is one of the group consisting of LiNb0 3 and Si. 

51. An apparatus comprising: 

a substrate; 

first and second optical waveguides merging 
together into a merging optical waveguide, the 
first and second optical waveguides and the 
merging optical waveguide being on the sub- 
strate; and 

a reflector positioned so that light travels 
through the first optical waveguide into the 
merging optical waveguide, then through the 
merging optical waveguide to the reflector, and 
is then reflected by the reflector to travel 
through the second optical waveguide, wherein 
the reflector is positioned beyond an intersec- 
tion point of a center line of the first optical 
waveguide and a center line of the second opti- 
cal waveguide. 

52. An apparatus as in claim 51 , wherein a total reflec- 
tion complementary angle for the light traveling 
through the first optical waveguide is 6 C , and a 
branch angle e b of the first and second optical 
waveguides is less than or equal to 0.550 c . 

53. An apparatus as in claim 51 , wherein the branch 
angle 0 b is less than or equal to 0.38 c . 

54. An apparatus as in daim 51 , wherein the branch 
angle % is in the range of 0.1° <, 8 b £ 1.5°. 

55. An apparatus as in claim 51 , wherein the branch 
angle e b is in the range of 0.3° <,%<, 0.8°. 

56. An apparatus as in claim 51 , wherein the substrate 
is one of the group consisting of LiNb0 3 and Si. 

57. An apparatus comprising: 

a substrate; 

first and second optical waveguides merging 
together into a merging optical waveguide, the 
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first and second optical waveguides and the 
merging optical waveguide being formed on the 
substrate; and 

a reflector positioned so that light travels 
through the first optical waveguide and into the s 
merging optical waveguide, then through the 
merging optical waveguide to the reflector, and 
is then reflected by the reflector to travel 
through the second optical waveguide, wherein 
the length of the merging optical waveguide 10 
travelled by the light from the first optical 
waveguide to the reflector causes substantially 
all of the light travelling through the first optical 
waveguide and reflected by the reflector to 
travel to the second optical waveguide. is 



58. An apparatus as in claim 57, wherein a total reflec- 
tion complementary angle for the light traveling 
through the first optical waveguide is e c , and a 
branch angle 9 b of the first and second optical 20 
waveguides is less than or equal to 0.556 c . 

59. An apparatus as in claim 57, wherein the branch 
angle 6 b is less than or equal to 0.38 c . 



60. An apparatus as in claim 57, wherein the branch 
angle 9 b is in the range of 0.1° <, 6 b <. 1 .5°. 



25 



61. An apparatus as in claim 57, wherein the branch 
angle 6 b is in the range of 0.3° i % <, 0.8°. 30 

62. An apparatus as in claim 57, wherein the substrate 
is one of the group consisting of LiNb0 3 and Si. 
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